Introduction {#Sec1}
============

Vast tracts of the wettest agricultural fields have been abandoned world-wide, and an understanding of their restoration potential as nature conservation areas is becoming increasingly important^[@CR1]^. Since 1950, 80% of sedge meadows in the Sanjiang Plain, northeast of China, have been converted to agriculture^[@CR2]^. Similarly in Europe, more than 50% of original wetlands have been lost in France, Germany, Greece, Italy, the Netherlands and Spain, mostly due to land drainage and agricultural intensification^[@CR3]^. Some of these converted floodplains are no longer farmed, in part because they may be unsuitable for cultivation but partly also due to the recognition of the national and global environmental significance of wetlands and of the rich biodiversity that they support^[@CR4],\ [@CR5]^. In the Heilongjiang Province, northeast of China, 42,000 ha of these floodplains will be restored from 2017 to 2020^[@CR6]^. The study of seed availability from remnant seed banks is particularly relevant because of the need to better understand the restoration potential of sedge meadows converted to farm fields.

Whether or not species will naturally re-establish in formerly farmed sedge meadows depends to a large extent on the availability of seeds in the seed bank^[@CR7],\ [@CR8]^. Soil seed banks provide seeds for the regeneration of plant communities, and can be of value in the natural restoration of farm fields to wetlands if the seeds have survived cultivation^[@CR9],\ [@CR10]^. If the seeds of key structural dominants are absent from seed banks, farm fields can be difficult to restore to original wetlands^[@CR11],\ [@CR12]^. Interest in seed banks for aiding the rehabilitation and reconstruction of damaged sedge meadows is growing^[@CR13],\ [@CR14]^. However, European and North American studies suggest that important components of vegetation are often missing from naturally restored wetlands^[@CR11],\ [@CR15]^. In the Prairie Pothole Region, where wetlands were restored via natural recolonization, more than 60 *Carex* species, some of which are key structural components of tussock meadows, rarely return after restoration^[@CR16]^. Similar conditions were also found in Europe^[@CR15],\ [@CR17]^. The value of the seed bank to restoration varies greatly according to wetland type, the duration of the farming, and the longevity of the seeds^[@CR7],\ [@CR9],\ [@CR10],\ [@CR18]^.

Long-lived seeds could remain viable in the soil for long periods of time so it is possible for these species to regenerate after long-term farming, while short-lived seeds more readily disappear from seed banks^[@CR1]^. Seeds of many sedges are long-lived, so they might be able to remain viable in the seed bank of sedge meadows for extended periods, but for other species viability may be lost in less than 3 years^[@CR19]^. Schütz (2000) reported that the longevity for 10 *Carex* species could be estimated from seed bank studies and was at least 10 years^[@CR20]^, while van der Valk *et al*. (1999) found that the viability of three *Carex* species dropped to less than 7% after only one year^[@CR21]^.

However, because studies related to the impact of various durations of cultivation on seed banks are generally lacking, little is known about whether a time threshold exists that defines the boundary between the possibility of natural recovery and the need for artificial restoration of sedge meadows converted to farm fields. The objectives of this study were to examine whether the duration of farming could be used as an indicator of the natural restoration potential of sedge meadows converted to farm fields in Sanjiang Plain, northeast of China. If important components are missing from the seed bank, then it is unlikely that sedge meadows will spontaneously develop. The species richness and seed density of seed banks in sedge meadows, which were either intact or farmed between 1 and 50 years, were examined. We hypothesized that the duration of farming could be used as a general indicator of the natural restoration potential of sedge meadows converted to farm fields. Specifically, we hypothesized that the species richness and density of seeds in the seed bank would decrease as the length of time of farming increased.

Results {#Sec2}
=======

Composition and Density of Soil Seed Banks of Natural Wetlands and Farm Fields {#Sec3}
------------------------------------------------------------------------------

A total of 110 species germinated from the soil, including 94 wetland species and 16 non-wetland species (Supplementary Table [S1](#MOESM1){ref-type="media"}). There were 97 species in the natural wetlands, and 79 in the farm fields (Supplementary Table [S1](#MOESM1){ref-type="media"}). Ninety-two species germinated from natural wetlands under the drained condition. Dominant species included the perennial species *Calamagrostis angustifolia*, *Glyceria spiculosa*, *Juncus papillosus*, *Polygonum amphibium* and the annual species *Gnaphalium mandshuricum*. Tussock-forming species in the seed banks included *Carex appendiculata*, *C. meyeriana* and *C. schmidtii*. Woody species included *Salix myrtilloides*, *S. rosmarinifolia*, *S. floderusii* and *Spiraea salicifolia*. Ten species germinated from natural wetlands under the flooded condition, including submerged species such as *Ceratophyllum demersum*, *Potamogeton crispus*, *P. malaianus*, *P. perfoliatus*, *Vallisneria spiralis* and emergent species such as *Alisma orientale*, *Sagittaria trifolia*, *Sium suave*, *Typha angustifolia* (Supplementary Table [S1](#MOESM1){ref-type="media"}).

Seventy-six species germinated from farm fields under drained conditions (Supplementary Table [S1](#MOESM1){ref-type="media"}). Dominant species included perennial species *Calamagrostis angustifolia*, *Rorippa palustris*, *Polygonum amphibium*, and annual species *Gnaphalium mandshuricum* and *Chenopodium glaucum*. Seven species germinated from farm fields under the flooded condition, including *A. orientale*, *Callitriche palustris*, *P. crispus*, *P. malaianus*, *S. trifolia*, *T. angustifolia* and *V. spiralis* (Supplementary Table [S1](#MOESM1){ref-type="media"}).

Species richness and seed density per pot were significantly higher in the drained condition than in the flooded condition both in wetlands and farm fields (Fig. [1](#Fig1){ref-type="fig"}). In the drained water treatment, species richness and seed density per pot were higher in natural wetlands than in farm fields (Fig. [1](#Fig1){ref-type="fig"}), but there was no significant difference between natural wetland and farm fields in the flooded water treatment (Fig. [1](#Fig1){ref-type="fig"}).Figure 1Significant interactions of site type and water regime for a greenhouse seed bank assay from soil collected in the Sangjiang Plain, northeastern China, including (**a**) species richness per pot, and, (**b**) seed density per pot. Site types included natural and farmed sedge meadows; water regime treatments in the greenhouse study included drained and flooded. Different letters indicate significant differences in means (*p* \< 0.05).

Soil Seed Bank Changes over Duration of Farming {#Sec4}
-----------------------------------------------

There were significantly negative correlations between the richness of wetland species and the duration of farming in the soybean fields. The duration of farming explained 81% of the richness variation based on an exponential regression model (y = ae^bx^, *p* \< 0.001; Fig. [2a](#Fig2){ref-type="fig"}). The richness of non-wetland species was low in soybean fields farmed for any length of time (0--5 species; Fig. [2a](#Fig2){ref-type="fig"}).Figure 2The relationship between species richness (**a**)/seed density (**b**) of the wetland and non-wetland categories per pot per site and the duration of farming for the soybean fields in Sanjiang Plain, northeastern China. Exponential and linear regressions were fit for values of wetland and non-wetland species, respectively.

Patterns of seed density were consistent with species richness throughout the study. The seed density of wetland species decreased as the duration of farming increased, and explained 84% of the seed density variation based on an exponential regression model (Fig. [2b](#Fig2){ref-type="fig"}). The seed density of non-wetland species was low in soybean fields farmed for any length of time (\<15 seeds; Fig. [2b](#Fig2){ref-type="fig"}).

As the dominant species of sedge meadows, the seed density of the *Carex* spp. as well as *Calamagrostis angustifolia* decreased over time (Fig. [3](#Fig3){ref-type="fig"}). Seed density of *Carex* spp. decreased significantly with time of farming, with a small number of seeds retained in soybean fields farmed for less than 5 years (Fig. [3](#Fig3){ref-type="fig"}). Seed density of *C. angustifolia* decreased in soybean fields farmed from 1 to 15 years, but were absent in field farmed for more than 15 years (Fig. [3](#Fig3){ref-type="fig"}).Figure 3The relationship between the seed density of the dominant sedges (*Carex* spp.) and grass (*Calamagrostis angustifolia*) per pot per site and the duration of farming for the soybean fields in Sanjiang Plain, northeastern China. Exponential regressions were fit to the data.

Discussion {#Sec5}
==========

Farmland abandonment is increasing around the world, and provides an opportunity to restore wetlands^[@CR7]^. In some parts of the world, however, it has proved difficult to restore the full complement of plant species through natural regeneration^[@CR7],\ [@CR15],\ [@CR22]^. Similarly, restoration by replanting has often resulted in lack of foundation species or low species richness^[@CR23]^. Better methods of restoring these important ecosystems are now required and abandoned farm fields that were originally sedge meadows provide an opportunity to investigate alternative approaches to restoration. This study examined the composition of seed banks of soybean fields farmed between 1 and 50 years to determine the utility of soil seed banks for the restoration of sedge meadows.

The loss of native species from soil seed banks was related to the duration of farming in our study, as shown in a conceptual model (Fig. [4](#Fig4){ref-type="fig"}). The relationship of duration of farming to restoration potential can be categorized as follows: high (0--5 years), medium (6--15 years), and low (\>16 years). During the high restoration potential period, a high density of seeds of certain sedge meadow species germinated such as *Calamagrostis angustifolia*, *Salix rosmarinifolia*, *Polygonum persicaria*, *Galium trifidum* and *Comarum palustre*. Dominant *Carex* species such as *Carex lasiocarpa*, *C. limosa*, *C. humida*, *C. pseudo-curaica* and *C. orthostachys* were also maintained in the seed banks although the seed density was relatively low. In the medium restoration potential period (6--15 years), grasses (e.g., *C. angustifolia*) and other wetland species (e.g., forbs, shrubs) were common in the soil seed banks, but the seed density was much lower than that in the natural sedge meadows. *Carex* species disappeared in the fields farmed for 6--15 years. Our findings are consistent with other studies. For example, 6 years after farm abandonment and natural restoration (i.e., no replanting), dominant tussock *Carex* species (*C. appendiculata* and *C. schmidtii*) and many other sedge meadow species successfully recolonized the Qixing restoration site, which had been farmed for only 3 years prior to restoration in Naoli River National Natural Reserve, Sanjiang Plain, China (4,000 ha restoration site)^[@CR24]^. In two restored sites that were farmed for 7 and 14 years before restoration, the two restored sedge meadows were comprised of vegetation such as *C. angustifolia*, and shrubs such as *S. rosmarinifolia*, *S. myrtilloides*, and *S. salicifolia*. But the dominant tussock sedge species *C. meyeriana* and *C. appendiculata* did not germinate in the two restored sedge meadows even after about 10 years' natural restoration^[@CR12]^. Similarly, in a restoration site in Wicken Fen National Nature Reserve in Cambridgeshire, U.K., while seed banks contributed to non-tussock wetland communities, *Carex* spp. did not recolonize even decades after restoration, despite their proximity to species-rich habitat^[@CR15]^. In fields cultivated for more than 15 years (low restoration potential), most of the wetland species present in the seed banks of natural wetlands were absent, and the non-wetland species (e.g., *Chenopodium glaucum*) dominated the seed bank. A case study in one restoration site farmed for 24 years in Sanjiang Plain found that numerous species common to natural sedge-dominated meadow were notably absent after three years' natural recolonization, and *C. glaucum* became the most dominant species in the site (660 ha restoration site; Hongwei County, Heilongjiang Province, China; C. Ding, August 2015, Naoli River National Natural Reserve, personal communication). Similarly, a study in a prairie potholes wetland indicated that most of wetland species were lost if farming continued for more than 20 years^[@CR18]^. Similarly, sedge meadow species including *Calamagrostis canadensis*, *Carex lacustris* and *Lysimachia thrysiflora* failed to recolonize in farmland farmed for decades via natural recolonization in prairie pothole wetlands^[@CR22]^.Figure 4A hypothetical conceptual model outlining the relationships between the duration of farming and the natural restoration potential of sedge meadows. Solid curve represents the response of natural restoration potential to the duration of farming. Period 1 (0--5 years), period 2 (6--15 years), and period 3 (\>16 years) represent high, medium, and low natural restoration potential ranges. Dashed circles show the seed density of different categories (wetland species (sedge, grass and others) and non-wetland species).

Overall, the duration of farming significantly affected the seed bank viability and the wetland restoration potential of natural sedge meadows converted to farm fields. In the high restoration potential period with less than 5 years of cultivation, most of the sedge meadow species including certain dominant *Carex* spp. were still maintained in the seed bank, these fields were the best candidates for wetland restoration. In the medium restoration potential period (6--15 years), although certain critical components of the vegetation were not retained in seed banks, the seed banks still contained viable seeds of many wetland species and so could contribute toward the restoration of novel wetland vegetation assemblages. In contrast, fields farmed for more than 16 years had lost most of the sedge meadow species from the seed banks. Our findings indicate that the duration of farming could be an indicator of the natural restoration potential of sedge meadows.

Beyond the seed bank composition, the hydrology of a restored field plays an integral role in seed dispersal, seed bank recruitment, and vegetation establishment^[@CR7],\ [@CR25]^. Water is the environment filter that regulates the germination of the seed bank^[@CR1],\ [@CR26]^, and the germination of wetland species of various life history types require either drawdown or flooding^[@CR27]^. In this study, species richness was high and emergent plants (e.g., *Calamagrostis*, *Carex*) dominated in the seed bank under the drained water regime, while emergent or submerged plants (e.g., *Typha*, *Potamogeton*, *Sagittaria*) dominated in the seed bank under continuous flooding. Thus, from the perspective of restoration, the species richness of seeds in farm fields may be adequate to restore many sedge meadow species provided the hydrology includes alternating flooding and drawdown periods to maximize the germination of species of various types. In addition, *T. angustifolia* dominated the seed bank in farm fields under continuous flooded water regime (Supplementary Table [S1](#MOESM1){ref-type="media"}). Similarly, changes in water levels, which promote *Typha* spp. have enhanced the establishment and persistence of invasive cattail in Great lakes and other regions^[@CR28]^. In Fujin National Wetland Park in Sanjiang Plain, large tracts of farmed sedge meadows have been restored using natural recolonization since 2009. Unfortunately, after initial reflooding (\>1 m water depth), non-target *T*. *angustifolia* efficiently recolonized and sedge meadow species did not^[@CR29]^. Cattail invasion is often correlated with reduced hydrologic variability or otherwise altered hydrology as well as elevated nutrients^[@CR30],\ [@CR31]^. Once established, the species tends to persist by tolerating a wide range of water level conditions^[@CR32]^, form dense, nearly monotypic stands and resists the establishment of a native plant community^[@CR33]^. Thus, the success or failure of a project aimed at restoring the biodiversity of farm fields depends on water regimes, as well as the seed bank.

Methods {#Sec6}
=======

Study Sites {#Sec7}
-----------

The Sanjiang Plain wetlands, located in the northeastern Heilongjiang Province, comprise one of the richest areas of globally significant biodiversity in the People's Republic of China. Sedge meadows are located at the confluence of the Songhua, Heilongjiang, and Wusuli Rivers and along the floodplains of these rivers. For this study, sedge meadows were selected along the Nongjiang River, which is 14.8% of the Sanjiang Plain watershed. In 1954, wetlands covered more than 72% of this area. Since then wetlands have been reclaimed mostly for soybean cultivation. By 2005, soybean fields covered 764,391 ha of the region, and wetlands covered less than 12%^[@CR34]^.

For this study, the seed banks of soybean fields and intact sedge meadows were selected throughout the floodplain of the Nongjiang River (Fig. [5](#Fig5){ref-type="fig"}), in Heilongjiang Province near the southern edge of the sub-arctic zone. We sampled soybean fields, which had been converted from sedge meadows for various periods of time (1--50 years). Soybean fields are usually tilled at the end of May and harvested in October. Along with these farm fields, adjacent sedge meadows that were still intact also were sampled. Dominant sedge meadow species include sedges such as *Carex meyeriana*, *C. lasiocarpa*, *C. schmidtii*, grasses such as *Calamagrostis angustifolia*, and various forbs and shrubs. Tussock-forming sedges include *Carex appendiculata*, *C. meyeriana* and *C. schmidtii* ^[@CR35]^.Figure 5Site locations for seed bank samples locations along the Nongjiang River, Sanjiang Plain, China. The maps were generated by Ming Wang using ArcGIS 10.0.

Seed Bank Sampling {#Sec8}
------------------

Sampling was conducted right after snow melt (May 2--20, 2015) to assess the seed bank present at the time of spring germination including both transient and persistent types of seeds. In soybean fields converted from sedge meadows, we chose twenty-three sites with different farming durations as determined by talking with local landowners. Twenty-three natural sedge meadows, which had never been farmed were sampled adjacent to these farm fields along Nongjiang River. At each site, five quadrats (25 × 25 × 10 cm), which were at least 10 m apart from each other were chosen randomly, and soil samples were placed in gallon sized plastic bags. A total of 230 soil samples were collected (46 sites × 5 samples/site).

Site Environment and Vegetation Characteristics {#Sec9}
-----------------------------------------------

The study area has a temperate continental monsoon climate with a mean annual (1990--2010) temperature of 2.53 °C (monthly range of average temperature of −20.4 to 21.6 °C), a mean annual precipitation of 566 mm (approximately 60% fall in July and August) and a frost-free period of approximately 125 days per year. Longitude and latitude of all sites were recorded using a GPS. Water depths were estimated with a measuring stick at time of collection, and the duration of farming was recorded for each site. Dominant species and subdominant species of standing field vegetation of seed bank sampling areas in natural wetlands were recorded.

Experimental Design {#Sec10}
-------------------

Soil samples were placed in an unheated greenhouse until the experiment began (May 21--24, 2015). Seedling germination assays were carried out in the greenhouse. Soil samples were sieved with water to push samples through the screen and remove debris and roots. After sieving to remove roots, each soil sample was mixed well. Soil samples for each site were divided into 10 subsamples to create 5 replicates for each of the two water treatments. Each soil sample was spread as an even layer, 2 cm thick, in pots (25 × 25 cm) previously filled with washed vermiculite to 8 cm depth. Trays were placed in tanks assigned to one of two water treatments either drained (moist soil) or flooded (10 cm depth). The trays were watered by filling the tanks from the bottom. Newly emerged seedlings were identified, counted, and removed from the pots. If a seedling could not be identified, it was removed from the original pot and grown in a separate pot until it could be identified. Seed germination assays continued for six months. Nomenclature follows Yi *et al*. (2008)^[@CR35]^ and Fu (1995)^[@CR36]^.

Data analysis {#Sec11}
-------------

Mean seed densities for each species were calculated. Two-way analysis of variance (ANOVA) including site type, water regime and their interactions was conducted for species richness and seed density. Tukey's comparisons were performed to compare means in situations with significant interactions of main effects. Significance was determined at an alpha level of 0.05. Data were appropriately transformed to satisfy the assumptions of ANOVA.

Species were divided into wetland and non-wetland categories^[@CR35]^. Species richness and seed density of the wetland and non-wetland categories for the soybean fields were regressed over duration of farming using linear, quadratic, inverse, logistic, logarithmic and exponential models respectively. We finally found that exponential regression analysis could best explain the variability in the data of wetland category. At the same time, we used linear regression analysis to explain the variability in the data of non-wetland category. In order to further explain the restoration potential of farmed sedge meadows, the seed density of the dominant sedges (*Carex* spp.) and grass (*Calamagrostis angustifolia*) respectively were regressed over duration of farming using exponential models. All statistics were conducted using SPSS version 16.0.

Data availability {#Sec12}
-----------------
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